Cytologically, perineuronal oligodendrocytes were mainly distributed in deep cortical layers (layers IV-VI), and attached directly and tightly to neuronal cell bodies, making a long concaved impression to the contacting neurons. Interestingly, they attached more to glutamatergic principal neurons than to GABAergic interneurons, and this became evident at postnatal day 14, when the cerebral cortex develops and maturates. These cytochemical and cytological properties suggest that perineuronal oligodendrocytes are so differentiated as to fulfill metabolic support to the associating principal cortical neurons, rather than to regulate their synaptic transmission. Takasaki et al (3) 
3′-phosphodiesterase (CNP)-positive cells attaching to neuronal perikarya immunostained for microtubule-associated protein 2, and examined their cytochemical and cytological properties in the mouse cerebral cortex. CNP-positive perineuronal oligodendrocytes were immunonegative to representative glial markers for astrocytes (brain-type lipid binding protein and glial fibrillary acidic protein), microglia (Iba-1), and NG2 + glia (NG2). Instead, almost all perineuronal oligodendrocytes expressed glia-specific or glia-enriched metabolic enzymes, i.e., creatine synthetic enzyme S-adenosylmethionine:guanidinoacetate N-methyltransferase and L-serine biosynthetic enzyme 3-phosphoglycerate dehydrogenase. As to molecules participating in the glutamate-glutamine cycle, none of perineuronal oligodendrocytes expressed plasmalemmal glutamate transporters GLAST and GLT-1, although nearly a half of perineuronal oligodendrocytes were immunopositive for glutamine synthetase.
Cytologically, perineuronal oligodendrocytes were mainly distributed in deep cortical layers (layers IV-VI), and attached directly and tightly to neuronal cell bodies, making a long concaved impression to the contacting neurons. Interestingly, they attached more to glutamatergic principal neurons than to GABAergic interneurons, and this became evident at postnatal day 14, when the cerebral cortex develops and maturates. These cytochemical and cytological properties suggest that perineuronal oligodendrocytes are so differentiated as to fulfill metabolic support to the associating principal cortical neurons, rather than to regulate their synaptic transmission.
INTRODUCTION
Almost entire surface of neurons, except for synaptic contact sites, is covered by elements of various glial cells (Hyden, 1961) . Glial cells attaching or surrounding neuronal cell bodies are referred to as perineuronal satellite cells, and comprise oligodendrocytes, astrocytes, and microglia (Brownson, 1960; Ogawa et al., 1985) . In the cerebral cortex, the percentage of neurons associated with perineuronal satellite cells increases with age, and the highest population of perineuronal satellites is derived from the oligodendrocyte (Brownson, 1960) .
From the initial description by Del Rio-Hortega (1921) , oligodendrocytes have been subdivided into the interfascicular and perineuronal types, of which the former is myelinating cells distributed mainly in the white matter (Peters, 1964; Bunge, 1968) . On the other hand, perineuronal oligodendrocytes mainly reside in the gray matter, and appose directly to neuronal cell bodies without forming any morphological specialization between them (Peters et al., 1976) . They are assumed to be unmyelinating cells in normal brains, but are capable of producing myelin when remyelination of axons is induced after demyelination (Ludwin, 1978 (Ludwin, , 1979 (Ludwin, , 1984 . Like astrocytes, perineuronal oligodendrocytes, but not white matter oligodendrocytes, express glutamine synthetase, a converting enzyme of glutamate into glutamine (Cammer, 1990; D'Amelio et al., 1990) . In addition, perineuronal oligodendrocytes protect against neuronal apoptosis through remarkable up-regulation of lipocalin-type prostaglandin D synthase (L-PDGS; Taniike et al., 2002) . These findings point to their supportive nature for associating neurons under physiological and pathophysiological conditions.
Furthermore, association of perineuronal oligodendrocytes with particular types of cortical neurons is inferred from the fact that perineuronal oligodendrocytes, which are distributed in the inner third of the cerebral cortex in control mice, spread over the entire width in the reeler mouse, a spontaneous mutant with malpositioning of cortical neurons (LeVine and Torres, 1993) . However, little is known to date about their cytochemical properties and cytological characteristics.
In the present study, we undertook this issue by identifying perineuronal oligodendrocytes as 2',3'-cyclicnucleotide 3'-phosphodiesterase (CNP)-positive cells that attach to neuronal somata expressing microtubule-associated protein-2 (MAP2). We found in the mouse cerebral cortex that perineuronal oligodendrocytes were rich in glia-specific or glia-enriched metabolic enzymes, including synthetic enzymes for creatine, L-serine, and glutamine. By contrast, they lacked glial plasmalemmal glutamate transporters, which, together with glutamine synthetase, build up the glutamate-glutamine cycle to regulate and maintain synaptic transmission. Nevertheless, they attached more to glutamatergic principal neurons than to GABAergic interneurons, and their tight attachment became evident by the end of the second postnatal week.
Therefore, it appears likely that perineuronal oligodendrocytes are so differentiated in the cerebral cortex as to meet increasing demands of principal neurons for metabolic support.
MATERIAL AND METHODS
Animal and section preparation. We used C57BL/6J mice at postnatal day 0 (P0)-P21 and the adult stage (2-4 months of age). We also used glutamate decarboxylase 67 (GAD67)-green fluorescent protein (GFP) (∆neo) mice (Tamamaki et al., 2003) , which were termed GAD67-GFP knock-in mice in the present study. (DIFCO, Detroit, MI, USA), and injected subcutaneously into female guinea pigs and rabbits at intervals of 2 weeks. Two weeks after the six injection, immunogen-specific antibody was collected by affinity purification using GST-free polypeptides coupled to CNBr-activated Sepharose 4B (Amersham Biosciences). GST-free peptides were prepared by in-column thrombin digestion of GST fusion proteins bound to glutathione-Sepharose 4B media. The specificity of GS antibody was tested by immunoblot and preabsorption test (Fig. 1) , while that of GFP antibody was by specific neuronal labeling in GAD67-GFP knock-in mice, but not in control mice (data not shown). The specificity of GAT1 antibodies was confirmed by similar labeling patterns with use of two antibodies against the N-and C-terminal regions (Supplemental Fig.   S1 ): immunoblot detection of protein band at 65 kDa, similar overall immunolabeling in the brain, and intense labeling of GABAergic axons and terminals, as reported previously (Minelli et al., 1995; Jursky and Nelson, 1996) .
We also used goat microtubule-associated protein 2 antibody (MAP2, 1 µg/ml, The membrane was immunoreacted with primary antibodies (1 µg/ml for each) for 1 hr, and immunoreactions were visualized using the ECL detection system (Amersham, Ducks, UK). 
RESULTS

Identification of perineuronal oligodendrocytes
CNP is one of the glial markers specific to oligodendrocytes. To visualize oligodendrocytes, we used mouse monoclonal CNP antibody, which specifically recognized a single protein band at 45 kDa in the adult mouse brain (Fig. 1A) , as reported previously (Sprinkle et al., 1987) . The specificity of CNP immunohistochemistry was assessed by comparing with FISH labeling patterns for CNP mRNA ( Fig. 2) . Cells expressing CNP mRNA were distributed densely in the white matter and relatively sparsely in the gray matter (Fig. 2A1 ). The specificity of FISH for CNP mRNA was shown by almost complete overlap with PLP mRNA, another marker gene specific to oligodendrocytes ( Fig These results suggest that CNP can be used as a selective and useful marker to visualize perieneuronal oligodendrocytes.
In the following analyses, we identified perineuronal oligodendrocytes as CNP-positive satellites attaching to MAP2-positive neurons, unless otherwise noted.
Perineuronal oligodendrocyte highly expresses glial metabolic enzymes
Their cytochemical properties were further characterized by immunofluorescence for glia-specific or glia-enriched metabolic enzymes and transporters, including creatine synthetic enzyme GAMT, L-serine synthetic enzyme Phgdh, glutamine synthetic enzyme GS, and plasmalemmal glutamate transporter GLAST. The specificity of antibodies against these molecules was tested by immunoblot using cortical extracts (Fig. 1A) . Each antibody recognized single protein bands at positions expected from deduced molecular masses: GAMT at 27 kDa, Phgdh at 57 kDa, GS at 43 kDa, and GLAST at 65kDa. As shown below (Fig. 4) , immunohistochemistry with use of these antibodies yielded selective or preferential glial labeling, which made neuronal cell bodies as dark silhouettes. The apparent sizes of immunoblot bands and exclusive glial labeling were consistent with previous reports (Hallermayer and Hamprecht 1984; Shibata et al., 1997; Yamasaki et. al., 2001; Tachikawa et al., 2004) . Therefore, immunohistochemical labeling with use of these primary antibodies was judged to be specific.
By triple immunofluorescence, perikarya of CNP-positive perineuronal oligodendrocytes showed intense signals for GAMT (arrow, Fig. 4A ) and Phgdh (arrow, In contrast, GLAST was detected in none of perineuronal oligodendrocytes (arrowhead, 0 out of 60, Fig. 4E ). This was also true for another glial glutamate transporter GLT-1 (arrowhead, 0 out of 62 cells, Fig. 4F ). The lack of glial glutamate transporter expression was further ascertained by negative CNP immunolabeling in processes of perineuronal oligodendrocytes ( Fig. 5A for GLT1 ; data not shown for GLAST) and also by negative FISH labeling for GLT1 (Fig. 5B , C, F) and GLAST ( Fig.   5D , E, G) mRNAs in oligodendrocytes expressing CNP mRNA. Therefore, perineuronal oligodendrocytes are rich in enzymes mediating neuron-glial metabolic interplay, whereas they lack glial glutamate transporters regulating synaptic transmission.
Cytological properties of perineuronal oligodendrocyte
The distribution of perineuronal oligodendrocytes in the cerebral cortex was assessed by Then, ultrastructural features of perineuronal oligodendrocytes were examined by silver enhanced-immunoelectron microscopy using GAMT antibody, rather than CNP antibody, because GAMT antibody yielded preferential labeling in perineuronal oligodendrocytes: 5.9 metal particles per 1 µm 2 of perikarya of perineuronal oligodendrocytes (measured area, 13.1 µm 2 ) and 0.8 particles per 1 µm 2 of perikarya of the attaching neurons (45.2 µm 2 ). Metal particles for GAMT were deposited in the cytoplasm of oval or polygonal cells, which had round a nucleus rich in dark heterochromatin (Fig. 6A) . Consistent with previous description (Peters et al., 1976) , these perineuronal oligodendrocytes attached directly to neurons having a large pale nucleus, and excluded other cellular elements from their contact sites (Fig. 6A-D) . Tight attachment was appreciated from a long curved or concaved impression made on to the contacting neurons (Fig. 6A ) and from parallel alignment of two plasma membranes with a narrow intercellular space (Fig. 6C) .
Perineuronal oligodendrocytes differentiate with cerebral cortex maturation
The ontogeny of phenotypic differentiation as perineuronal oligodendrocytes was followed from birth to P21. Because perikaryal expression of CNP and MAP2 was very low in neonatal cortex, we used GAMT immunofluorescence instead of CNP to label perineuronal oligodendrocytes, and also used NTG together with MAP2
immunofluorescence to label neuronal perikarya ( Fig. 7A-D) . GAMT-positive cells were already dispersed in the cortex at P1 and P7, but they appeared to touch NTG/MAP2-labeled neurons only lightly (Fig. 7A, B) . At P14 and P21, GAMT-positive cells often made characteristic curved impression on to NTG/MAP2-labeled neurons, as observed in the adult stage (Fig. 4, 6 ). Therefore, cytological differentiation of perineuronal satellite cells likely proceeds with postnatal maturation of the cerebral cortex.
Perineuronal oligodendrocytes preferentially associate glutamatergic neurons
Glutamatergic neurons are the principal neurons constituting about two thirds of cortical neurons, while the rest are GABAergic interneurons (Sloper et al., 1979; Gabbott and Somogyi, 1986 ). Finally, we asked which types of cortical neurons were associated with perineuronal oligodendrocytes. To this end, we applied triple immunofluorescence for CNP, MAP2, and GFP to GAD67-GFP knock-in mice at P14 and adult stage, in order to distinguish GFP-positive GABAergic neurons from GFP-negative glutamatergic ones ( Fig. 7E-H) . Because results from two mice yielded similar scores at each stage, data from two mice were pooled together.
By random sampling of neuronal images from single optical sections, CNP-positive perineuronal oligodendrocytes often attached to GFP-negative/MAP2-positive glutamatergic neurons (Fig. 7E, G) . 
DISCUSSION
In the present study, we analyzed cytochemical and cytological properties of perineuronal oligodendrocytes in the mouse cerebral cortex. We found that almost all perineuronal oligodendrocytes expressed Phgdh and GAMT. Phgdh is an initial step enzyme of biosynthetic pathway for L-serine, which serves as a building block of proteins and is also utilized for synthesis of various biomolecules, including glycine, L-cysteine, phosphatidylserine, ceramide, and D-serine (Ichihara and Greenberg, 1957; Snell, 1984) . Glycine is further used for creatine biosynthesis through two sequential steps catalyzed by L-arginine:glycine amidinotransferase and GAMT. The creatine/phosphocreatine shuttle system is essential for the storing and buffering of high By contrast, none of perineuronal oligodendrocytes expressed glial glutamate transporters GLAST and GLT-1. These plasmalemmal transporters play a critical role in keeping the extracellular glutamate concentration low enough to terminate glutamate receptor activation and to protect neurons from glutamate excitotoxicity (Hertz, 1979; Choi, 1992) . Moreover, these transporters constitute, in cooperation with GS, the glutamate-glutamine cycle. Glutamate released from presynaptic terminals is rapidly taken up by GLAST and GLT-1 on astrocytes, and converted to glutamine by GS in astrocytes. This conversion contributes to maintain glutamate uptake function by astrocytes and to supply a precursor of glutamate to presynaptic terminals as a non-toxic form of glutamine (Tsacopoulos and Magestretti, 1996; Bacci et al., 1999; Haydon, 2001 ). The lack of GLAST and GLT-1 indicates that perineuronal oligodendrocytes are Despite the lack of glutamate transporters, perineuronal oligodendrocytes in the adult cortex were attached to 3.8% of GAD67-GFP-negative (i.e., glutamatergic) neurons, which was 5 times more than those attached to GAD67-GFP-positive Miura, E., Fukaya, M., Sato, T., Sugihara, K., Asano, M., Yoshioka, K. & Watanabe, M. Note almost complete overlap of cellular populations expressing CNP and PLP mRNAs in the adult mouse brain. Distinct cellular expressions are noted in that CNP mRNA, but not PLP mRNA, is expression in Bergmann glia of the cerebellar cortex, whereas PLP mRNA, but not CNP mRNA, is expressed in the olfactory nerve layer of the olfactory bulb. D, E. Triple fluorescent labeling for CNP mRNA (red), CNP protein (green), and nucleus (blue) in the cerebral cortex. Perikaryal labeling of CNP protein completely overlaps with that of CNP mRNA. Arrowhead and arrows indicate CNP-positive perikarya that appear to attach or not to attach, respectively, to putative neurons having large cell bodies. Also note CNP immunolabeling in putative myelin sheath. Cb, cerebellum; cc, corpus callosum; Cx, cortex; Hi, hippocampus; Mb, midbrain; MO, medulla oblongata; OB, olfactory bulb; St, striatum; Th, thalamus; I-VI, cortical layers I through VI. Scale bars, A, 1 mm; B, 200 um; C, 10 um; D, 50 um; Closer views of triple immunofluorescence CNP (green), GLT1 (red), and MAP2 (blue). Note that GLT1 is negative not only in perikarya (arrowhead), but also in processes (arrows) of CNP-positive perineuronal oligodendrocytes attaching to a MAP2-positive neuron (asterisk). B-G. Double FISH for CNP mRNA and GLT1 mRNA (B, C, F) or GLAST mRNA (Fig. 5D , E, G). Note negative hybridizing signals for the two glutamate transporters in CNP mRNA-expressing oligodendrocytes in both the white and gray matters. See abbreviations in Fig. 2 . Scale bars, A, F, 10 um; B, 1 mm; D, 100 um. 181x180mm (300 x 300 DPI) . Sections were immunostained for MAP2 (blue), NTG (green), and GAMT (red). Asterisks indicate neuronal somata attached by perineuronal oligodendrocytes (arrows). E-H. Perineuronal oligodendrocytes attach preferentially to glutamatergic neurons. Triple immunofluorescence for CNP (red), MAP2 (blue), and GFP (green) was applied to the cerebral cortex of GAD67-GFP mice at P14 (E, F) and adult stage (G, H). As shown in Panels E and G, GFP-negative glutamatergic neurons (asterisks) are often contacted by perineuronal oligodendrocytes (arrowheads). Panels F and H show rare cases in which GFP-positive GABAergic neurons are contacted by perineuronal oligodendrocytes. Scale bars, 10 um. 112x222mm (300 x 300 DPI) Fig. S2 . The lack of expression for plasmalemmal GABA transporter GAT1 in CNPpositive perineuronal oligodendrocytes. Triple immunofluorescence CNP (green), GAT1 (red), and MAP2 (blue). Note that GAT1 is negative not only in perikarya (arrowhead), but also in processes (arrows) of CNP-positive perineuronal oligodendrocyte attaching to a MAP2-positive neuron (asterisk). Scale bar, 10 um. 179x168mm (300 x 300 DPI)
